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Abstract 

The  influence  of  the  active  mass,  as  well  as  of  discontinuous  polarization  (100  h  at  6  mA  cm-2;  68  h  at  open  circuit)  on 
the  corrosion  rate  of  lead-antimony  alloys  has  been  measured  with  respect  to  samples  without  active  mass  and  continuous 
polarization.  During  continuous  polarizations  two  time  regions  have  been  found  for  the  corrosion  rate  (v):  during  the  first 
75  h,  the  corrosion  rate  decreases  according  to  v  ~  1/t05  and  then  is  constant  during  the  remaining  second  period.  An  active- 
mass  protection  factor  (PFA M)  describes  the  decrease  of  the  corrosion  rate  in  the  presence  of  active  mass;  PF am  is  >2. 
Surprisingly,  such  a  protection  factor  is  also  found  in  the  presence  of  electronically  isolating  a-AJ203.  The  influence  of  changes 
in  potential,  current  density,  pH  and  corrosion  structure  on  the  corrosion  rate  in  the  presence  of  active  mass  is  discussed. 
The  main  influence  comes  from  changes  in  the  corrosion  structure.  A  model  is  developed  on  the  basis  of  diffusion  of  oxygen 
species  through  a  dense  corrosion  layer.  This  corrosion  layer  grows  to  a  critical  thickness.  After  reaching  this  critical  thickness, 
the  layer  divides  into  a  inner  dense  and  an  outer  porous  zone  as  a  result  of  relaxation  in  the  internal  mechanical  stress  that 
is  created  by  the  higher  volume  of  the  corrosion  product.  This  model  explains  the  time  course  of  the  corrosion  rate,  the 
action  of  the  active  mass  and  the  influence  of  rest  periods  during  polarization. 
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1.  Introduction 

The  influence  of  acid  concentration,  potential,  current 
density  or  temperature  on  the  corrosion  rate  of  lead 
and  lead  alloys  in  sulfuric  acid  solution  has  been  widely 
reported.  By  contrast,  the  influence  of  the  active  mass 
[1-10]  and  the  polarization  conditions  [10]  has  received 
less  attention.  Experimental  difficulties  are  the  primary 
reason  for  this  imbalance  in  investigations.  The  study 
reported  here  will  try  to  give  an  explanation  of  the 
action  of  the  active  mass  and  polarization  conditions 
on  the  corrosion  rate,  based  on  systematic  experimental 
work  and  theoretical  considerations. 


2.  Experimental 

Fig.  1  shows  the  experimental  apparatus  used  for 
the  corrosion  measurements.  A  cylindrical  lead  or 
lead-antimony  rod  was  uniformly  covered  with  active 
mass.  Individual  tubes  of  the  type  used  in  industrial 
tubular  electrodes  were  employed,  as  described  by 
Papazov  et  al.  [10].  Typically,  an  unformed  fresh  paste 


was  introduced  into  the  tube  by  the  use  of  nitrogen 
pressure  (3.5  kP/cm2).  In  order  to  vary  the  active  mass 
density,  dry  commercial  leady  oxide  (60  wt.%  PbO) 
was  vibrated  into  the  tube  at  different  intensities.  A 
blend  of  a-Al203  and  active  material  was  introduced 
into  the  tube  in  the  same  way.  The  thickness  of  the 
active  mass  was  varied  at  constant  tube  diameter  (8 
mm)  by  changing  the  diameter  (normally  4  mm)  of  the 
lead/lead-antimony  rod. 

Electrode  formation  was  carried  out  using  the  fol¬ 
lowing  standard  procedure: 

time:  72  h 

temperature:  25  °C 

current  density:  10  mA  per  cm2  of  rod  surface 

sulfuric  acid  sp.  gr.:  1.28  g  cm-3 

The  degree  of  corrosion  was  measured  by  evaluation 
of  the  weight  loss  of  the  rod  after  polarization  and 
mechanically  removing  the  active  mass,  and/or  chem¬ 
ically  dissolving  the  corrosion  layer  by  boiling  the  samples 
in  an  alkaline  (160  g  1_1  NaOH)  sugar  solution  (200 
g  1_1  saccharose). 
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Fig.  1.  Experimental  apparatus  for  corrosion  measurements  on  sam- 

Continuous  polarization  was  carried  out  in  the  gal- 
vanostatic  mode,  namely,  6  mA  per  cm2  of  rod  surface. 
For  discontinuous  polarization,  the  following  regime 
was  used:  (i)  continuous  galvanostatic  polarization  (6 
mA  per  cm2  rod  surface)  for  100  h;  (ii)  open-circuit 
rest  for  68  h.  All  polarization  experiments  were  per¬ 
formed  in  4.93  M  H2S04  (1.28  sp.  gr.)  at  40  °C.  The 
potential  difference  between  the  surface  of  the  active 
mass  and  the  surface  of  the  rod  was  measured  by  using 
Luggin  capillaries,  as  shown  in  Fig.  2. 


3.  Influence  of  active  mass 

3.1.  Mass  loss 


Fig.  2.  Arrangement  for  measurement  of  the  potential  difference 
between  the  geometrical  active-mass  surface  and  the  lead/lead  alloy 
rod  surface.  l,2=Hg/Hg2S04  reference  electrodes,  3  =  Luggin  cap- 
illaiy,  4  =  counter  electrodes,  5  =  electrolyte,  6  =  water  bath. 


Fig.  3.  Mass  loss  (A m)  vs.  galvanostatic  polarization  time  (fp)  for 
Pb-5.6wt.%Sb-0.15wt.%As  alloy  samples  without  and  with  active 


The  weight  loss  (Am)  of  a  Pb-5.6wt.%-0.15wt.%As 
sample,  both  with  and  without  active  mass,  as  a  function 
of  the  galvanostatic  polarization  time  (fp)  is  shown  in 
Fig.  3. 

For  both  samples,  two  time  regions  can  be  distin¬ 
guished,  namely:  (A)  0  <  fp  <  75-100  h;  (B)  fp>  75-100 
h.  It  was  difficult  to  fit  an  exact  critical  time  value  in 
each  case,  because  the  frequency  of  measurement  was 
too  low.  Therefore,  a  time  period  of  75-100  h  is  given. 
In  time  region  A,  the  corrosion  rate  v  (v  =  dAm/d/p) 


decreases  continuously.  In  time  region  B,  the  corrosion 
rate  is  independent  of  the  polarization  time.  The  value 
of  this  constant  rate  is  used  later  to  compare  the 
corrosion  behaviour  of  different  samples. 

In  a  separate  experiment,  the  relationship  between 
the  weight  loss  and  the  polarization  time  for  the  same 
alloy  without  an  active  mass  in  the  time  region  A  was 
found  to  be: 

Am  ~  /p0  52 


(1) 
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This  value  is  close  to  that  found  by  Pavlov  and  Rogatchev 
[11],  namely,  t°A1. 

The  presence  of  the  active  mass  obviously  leads  to 
a  decrease  in  the  corrosion  rate.  In  order  to  express 
this  influence,  an  active-mass  protection  factor  (PFAM) 
is  introduced  as  the  ratio  of  the  corrosion  rate  without 
active  mass  (vwo)  and  with  active  mass  (vw),  i.e.. 


Table  1  shows  the  protection  factors  for  lead  alloys 
with  different  antimony  contents.  As  is  well  known,  the 
corrosion  rate  increases  with  increasing  antimony  con¬ 
tent  in  the  alloy.  It  is  remarkable,  however,  that  the 
active  mass  protection  factor  decreases  markedly  from 
7.5  for  pure  lead  to  2.6  for  the  Pb-8  wt.%  Sb  alloy. 

The  influence  of  the  thickness  and  the  density  of 
the  active  mass  is  shown  in  Tables  2  and  3,  respectively. 
As  expected,  the  corrosion  rate  decreases  with  increasing 
thickness  or  density  of  the  active  mass. 


Table  1 


Corrosion  rate  of  samples  with  different  antimony  contents  without 
active  mass  (vm)  and  with  active  mass  (v„),  as  well  as  the  active 
mass  protection  factor  (PFAM) 

Antimony-content  vwo 

(wt.%)  (mg/cm2/h) 

(mg/cm2/h) 

PF*m 

0  0.165 

0.022 

7.5 

5  0.201 

0.065 

3.1 

8  0.231 

0.080 

2.6 

Table  2 

Corrosion  rate  (uw)  and  active-mass  protection  factor  (PFAM)  for 
different  thicknesses  of  active  mass  (alloy:  Pb-5.6wt.%Sb-0.15wt.%As) 

Active  mass 

vw 

PFam 

thickness 

(mg/cm2/h) 

(mm) 

0  (without) 

0.199 

1 

2 

0.087 

2.28 

3 

0.077 

2.58 

Table  3 

Corrosion  rate  (uw)  and  active-mass  protection  factor  (PFAM)  for 
different  densities  of  active  mass  (alloy:  Pb-5.6wt.%Sb-0.15wt.%As) 


Lead  powder  PFA 

density  (mg/cm2/h) 

(g  cm”3) 


0  (without)  0.199  1 

1.93  0.087  2.28 

2.34  0.082  2.42 


3.2.  Inert  substances 

One  reason  for  the  decrease  in  corrosion  rate  in  the 
presence  of  active  mass  could  be  a  decrease  in  the 
corrosion  current  density  (/pbcorr)  at  the  metal  surface 
by  introducing  the  high-area  active  mass  (5  m2  g-1) 
into  the  sample.  In  order  to  test  this  hypothesis,  the 
active  mass  was  blended  with  a-Al203  powder.  The 
results  of  this  experiment  are  shown  in  Table  4.  Sur¬ 
prisingly,  the  electronically  isolating  A1203  also  shows 
an  influence  on  the  corrosion  rate  of  the  lead-antimony 
rod. 

3.3.  Potential 

The  potential  at  the  rod  surface  should  also  change 
in  the  presence  of  the  active  mass.  Therefore,  the 
potential  of  the  sample  was  measured  both  at  the 
geometrical  surface  of  the  active  mass  and  at  the  surface 
of  the  rod,  with  the  arrangement  shown  in  Fig.  2.  The 
results  are  given  in  Fig.  4.  It  can  be  seen  that  the 
potential  curve  reflects  both  the  preparation  period 
(formation  at  25  °C  and  10  mA  cm  " 2)  and  the  subsequent 
corrosion  period  (polarization  at  40  °C  and  6  mA  cm-2). 

The  step  in  the  potential  curve  is  due  to  the  different 
temperature  and  current  conditions  employed  in  the 
two  periods.  After  about  10  days,  a  constant  potential 
of  1345  mV  is  measured  at  the  outside  of  the  tube. 

The  potential  difference  between  the  geometrical 
surface  of  the  active  mass  and  the  surface  of  the  rod 
was  9  mV  at  the  beginning  of  formation,  5  mV  at  the 
beginning  of  polarization  (3  days),  and  1  mV  at  the 
end  of  polarization  (10  days). 

The  difference  of  the  potential  at  the  rod  of  samples 
with  and  without  active  mass  amounted  to  20  mV. 

3.4.  Sulfuric  acid 

A  further  reason  for  the  change  in  the  corrosion 
rate  in  the  presence  of  active  mass  could  be  a  decrease 
in  the  diffusion  of  protons,  formed  by  anodic  processes 
in  the  active  mass.  Therefore,  the  pH  of  the  real 
corrosion  medium  is  decreased.  Table  5  illustrates  the 
influence  of  different  sulfuric  acid  concentrations  on 

Table  4 

Dependence  of  corrosion  rate  (i>w)  and  active-mass  protection  factor 
(PFam)  during  continuous  polarization  on  the  mass  content  (special 
alloy:  PbSb5) 


Mass  content  vw  PFAM 

-  (mg/cm2/h) 

Active  mass  «-Al203 

(vol.%)  (vol.%) 


0  0  0.223  1.00 

0  100  0.157  1.42 

50  50  0.152  1.47 

100  0  0.138  1.62 
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tp/d 


Fig.  4.  Potential  at  geometric  Pb02  surface  vs.  anodic  polarization 
time:  Region  a  =  formation  (10  mA  cm-2,  25  °C);  region  b  =  polar- 
ization  (6  mA  cm-2,  40  °C).  For  measurement  arrangement  see  Fig. 
2. 


Table  5 

Mass  loss  (A/n)  after  10  days  polarization  as  a  function  of  sulfuric 
acid  density  (alloy:  Pb-5.6wt.%-0.15wt.%As) 


Sulfuric  acid  density 

Am 

(g  cm"3) 

(mg  cm”2) 

1.28 

82.0 

1.34 

83.6 

1.40 

88.4 

the  mass  loss.  As  expected,  the  corrosion  rate  increased 
slightly  with  increasing  sulfuric-acid  density. 


4.  Influence  of  polarization  conditions 

4.1.  Samples  without  active  mass 

At  first  sight,  the  curves  of  the  mass  loss  for  dis¬ 
continuous  polarization  (6  mA  cm-2  for  100  h;  open 
circuit  for  68  h)  show  the  same  general  shape  (i.e.  two 
time  regions)  as  the  curves  for  the  continuous  polar¬ 
ization  tests.  This  should  be  attributed,  however,  to 
the  frequency  of  the  mass-loss  determination.  In  general, 
the  measurement  was  undertaken  only  every  168  h  (one 
period).  Thus,  a  separation  of  the  contributions  due 
to  the  polarization  and  the  open-circuit  periods  was 
impossible.  This  fact  must  be  taken  into  consideration 
when  comparing  the  corrosion  rate  values  for  continuous 
(vcon)  ancj  discontinuous  polarization  (vdis),  as  shown 
in  Table  6. 


Table  6 

Comparison  of  corrosion  rate  of  different  samples,  without  active 
mass,  during  discontinuous  polarization  (ud,s)  and  continuous  po¬ 
larization  ( v oon) 


Antimony 

content 

(wt.%) 

(mg/cm2/h) 

(mg/cm2/h) 

0 

0.117 

0.165 

0.71 

5 

0.145 

0.201 

0.72 

8 

0.160 

0.231 

0.69 

a,  PbSb8 
aj  PbSb5 


discountinuous  %  Pb 


Fig.  5.  Mass  loss  during  the  open-circuit  rest  period  (f0).  Plots 
a  =  calculated  by  Eq.  (5),  discontinuous  polarization;  plots  b  =  mea¬ 
sured  by  continuous  open-circuit  experiment. 

Note,  the  total  time  (r,)  is  the  sum  of  the  polarization 
time  (fp)  and  the  rest  time  (/r),  i.e., 

tt=tp+t0  (3) 

No  major  changes  in  the  corrosion  rate  relation  (vdis/ 
v “")  were  found  with  change  in  the  antimony  content 
of  the  alloys. 

In  accordance  with  Eq.  (3),  the  total  mass  loss  (Am,) 
consists  of  the  polarization  part  (Amp)  and  the  rest 
period  part  (Am0),  i.e., 

Am,  =  Amp  +  Ama  (4) 

Thus,  the  mass  loss  due  to  corrosion  during  the  rest 
period  (Amc)  can  be  calculated  as: 

Am0=Am,-Amp  (5) 

The  mass  loss  under  continuous  polarization  (Amp)  was 
taken  from  the  data  listed  in  Table  1.  The  open-circuit 
mass  loss  in  the  discontinuous  polarization  calculated 
by  Eq.  (5)  is  compared  in  Fig.  5  with  the  open-circuit 
mass  loss  measured  during  a  continuous  experiment. 
A  large  difference  is  found  between  the  two  sets  of 
values. 

To  study  in  more  detail  the  corrosion  rate  under 
discontinuous  testing,  the  mass  loss  was  determined 
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Fig.  6.  Mass  loss  during  discontinuous  (4th  and  5th  period)  and 
continuous  polarization  (tp  =  400-600  h). 

every  20  h  during  the  course  of  the  fourth  and  fifth 
discontinuous  period,  see  Fig.  6.  It  can  be  seen  that 
the  corrosion  rate  during  discontinuous  testing  is  not 
constant.  The  rate  is  relatively  high  at  the  start  of  the 
polarization  phase  of  every  period  and  then  decreases. 

4.2.  Samples  with  active  mass 

For  samples  with  active  mass,  the  mass  loss  during 
discontinuous  polarization  (6  mA  cm-2  for  100  h;  open- 
circuit  for  68  h)  is  shown  in  Table  7  as  a  function  of 
the  total  test  time  (rt),  and  is  also  compared  with  the 
continuous  polarization  values  (taken  from  Table  1). 

It  is  obvious  that  the  corrosion  under  continuous 
polarization  is  higher  than  under  discontinuous  polar¬ 
ization,  except  in  the  case  of  the  pure  lead.  Surprisingly, 
the  active-mass  protection  factor  for  discontinuous  po¬ 
larization  increases  slightly  with  increasing  antimony 
content  of  the  alloy. 

A  real  separation  of  the  mass  loss  during  the  po¬ 
larization  phase  (A mp)  and  the  rest  period  (A/n0)  was 
determined  for  one  alloy  by  measuring  the  mass  loss 
after  every  polarization  and  rest  period  (see  Table  8). 

The  ratio  of  the  corrosion  rate  during  the  polarization 
part  to  that  during  the  rest  part  is  about  3:1.  Moreover, 
the  corrosion  in  the  polarization  part  of  the  discon¬ 
tinuous  test  is  higher  than  that  in  the  continuous  mode. 


5.  Discussion 

From  a  theoretical  point  of  view,  the  following  points 
should  be  taken  into  consideration  to  explain  the  action 
of  both  the  active  mass  and  the  open-circuit  rest  periods 
on  the  corrosion  behaviour. 

5.1.  Change  of  corrosion  potential 

The  corrosion  potential  at  the  rod  during  the  gal- 
vanostatic  polarization  is  decreased  by  20  mV  if  active 
mass  is  introduced  into  the  sample.  This  should  have 
a  slight  influence  on  the  protection  factor. 

5.2.  Change  of  current  density 

The  total  current  density  (6  mA  cm-2)  is  divided 
into  partial  current  densities  in  accordance  with  the 
following  equations: 

without  active  mass:  / =7Pbcorr +/Pb0x  (6) 

with  active  mass:  /=/Pbcon. +/Pb0x +/' AMox  (7) 

where:  /pbcorr  is  the  corrosion  current  on  the  rod;  /PbQx 
is  the  oxygen  evolution  current  on  the  rod;  7AM0x  is 
the  oxygen  evolution  current  on  the  active  mass. 

An  addition  of  high-area  (5  m2  g_1)  active  mass  into 
the  sample  leads  to  an  increase  of  the  real  sample 
surface  by  a  factor  of  105.  Therefore,  the  corrosion 
current  density  (/Pbcorr)  should  decrease  dramatically. 

As  the  above  experimental  results  with  electronically 
isolating  a-Al203  have  shown,  addition  of  electronically 
isolating  a-Al203  decreases  the  corrosion  rate  by  the 
same  order  as  the  active  masses.  Therefore,  the  current 
density  change  is  not  the  main  reason  for  the  active 
mass  action. 

5.3.  Change  of  corrosion  pH 

A  decrease  in  pH  during  the  anodic  polarization 
should  be  observed,  due  to  the  proton  formation  both 
in  the  active  mass  and  at  the  surface  of  the  rod,  i.e., 
Pb  +  2H20  +  4e ~  — >  Pb02  +  4H+  (8) 

HzO  +  2e-  — ►  -±02  +  2H+  +2e~  (9) 

The  diffusion  of  these  protons  can  be  hindered  by  the 
active  mass  [12].  This  leads  to  a  decrease  in  the  pH 
at  the  rod.  This  could  be  a  source  of  a  change  in  the 


Table  7 

Comparison  of  corrosion  rate  of  samples  with  active  mass  during  discontinuous  polarization  («•*“)  and  continuous  polarization  (■«“").  Protection 
factors  for  discontinuous  (PFd")  and  continuous  polarization  (PFC°")  are  also  given 

Antimony  vdi‘  n“"  vd"/v“"'  PFd  is  pf™ 

content  (mg/cm2/h)  (mg/cm2/h) 

(wt.%) 


0  0.055  0.022  2.5  2.12  7.5 

5  0.061  0.065  0.9  2.37  3.1 

8  0.065  0.080  0.8  2.46  2.6 
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Table  8 


Comparison  of  the  contributions  of  the  different  tes 

t  phases  on  the  corrosion 

rate  (n)  of  a 

Pb-5.6wt%Sb-0.15wt.%As  alloy  with  active  mass 

Polarization 

Corrosion  i 

•ate,  v  (mg/cm2/h) 

Test  test,  f, 
dAm/df, 

Polarization 

dAm/d/p 

time,  <p  Rest  time,  t0 

dAm/dr0 

Discontinuous 

Continuous 

0.105 

0.138 

0.146 

0.138 

0.046 

corrosion  rate.  Experimental  results  show,  however, 
that  an  increase  in  sulfuric  acid  concentration  from 
1.28  to  1.40  g  cm-3  increases  the  corrosion  rate  by 
about  8%.  Therefore,  the  pH  phenomenon  could  not 
be  the  reason  for  the  decrease  in  the  corrosion  rate 
in  the  presence  of  active  mass. 

5.4.  Change  of  corrosion-layer  structure 

Changes  in  corrosion-layer  structure  should  be  the 
main  cause  of  the  active-mass  action  and  the  polarization 
regime.  This  will  be  explained  on  the  basis  of  the 
following  model,  which  is  based  partially  on  consid¬ 
erations  of  Pavlov  and  Rogatchev  [11]  and  Astachov 
et  al.  [13]. 

5.4.1.  Time  region  A 

The  corrosion  takes  place  via  an  ionization  of  lead 
at  the  lead/corrosion-layer  interface  together  with  a 
transport  of  oxygen  species  (ions  or  vacancies)  [11] 
(Fig.  7)  through  a  dense  layer  (see  Fig.  8(b)).  The 
rate-determining  step  for  corrosion  is  the  relatively  low 
transport  of  oxygen  species  by  diffusion  and  migration 
through  the  dense  corrosion  layer,  i.e.. 


where:  jQ  is  the  flux  oxygen  species;  D  is  the  diffusion 
coefficient;  c  is  the  concentration  of  the  oxygen  species; 
ju,  is  the  chemical  potential;  0  is  the  Galvani  potential; 
ld  is  the  thickness  of  the  dense  part  of  the  corrosion 
layer. 


Pb 
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Fig.  7.  Schematic  of  the  mechanism  of  lead  corrosion. 


5.4.2.  Time  region  B 

At  the  beginning  of  polarization,  the  corrosion  layer 
grows  as  a  dense  layer.  After  a  longer  polarization 
time,  part  of  the  corrosion  layer  becomes  porous.  Due 
to  the  higher  molar  volume  of  the  corrosion  product 
(Pb02)  compared  with  lead  (FPb02/Fpb  =  1.35),  an  in¬ 
ternal  mechanical  stress  is  formed  in  the  corrosion 
layer.  At  a  critical  thickness  of  the  dense  layer  (Fig. 
8(c)),  the  stress  is  offset  by  the  layer  dividing  into  an 
inner,  dense  and  a  outer,  porous  sub-layer  (Fig.  8(d)). 


Fig.  8.  Schematic  of  the  growth  of  the  corrosion  layer  in  different 
phases  of  polarization:  (a)  before  start  of  polarization;  (b)  start  of 
polarization;  (c)  intermediate  time;  (d)  after  long  polarization.  id  = 
thickness  of  dense  part  of  corrosion  layer,  if  —  critical  thickness  of 
dense  part  of  corrosion  layer,  »'p  =  thickness  of  porous  part  of  corrosion 
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The  relaxation  of  this  stress  has  been  proved  by  ultra¬ 
sonic  measurements  [14]. 

During  polarization,  the  mechanical  stress  in  the 
dense  layer  after  the  relaxation  is  approximately  con¬ 
stant;  therefore,  the  critical  thickness  will  also  be  con¬ 
stant.  Thus,  a  dense  layer  of  constant  thickness  is 
formed  during  the  polarization  and  shifts  in  the  direction 
of  lead  by  increasing  of  the  porous  zone  (Fig.  8(d)). 
In  practice,  cracks  are  formed  by  relaxation  of  the 
mechanical  stress  and  these  can  extend  through  to  the 
lead  surface.  They  will,  however,  be  filled  immediately 
by  corrosion  products  via  a  solution/precipitation  re¬ 
action. 

5.4.3.  Rest  period  (time  region  C) 

Early  in  the  rest  period,  the  relaxation  of  the  internal 
mechanical  stress  takes  place  further  [14].  This  leads 
to  a  total  porous  corrosion  layer,  e.g.,  the  dense  Pb02 
layer  also  becomes  a  porous  layer.  Further,  the  corrosion 
layer  Pb02  reacts  with  both  the  electrolyte  [11]  and 
the  lead  [12,15]: 

Pb02  +  H2S04 — >PbS04+-f02  +  H20  (11) 

Pb02  +  Pb  +  2H2S04 — *  2PbS04  +  2H20  (12) 

Therefore,  the  Pb02  is  changed  partially  into  PbS04 
which  also  increases  the  internal  mechanical  stress.  The 
corrosion  reaction  [12]  is  as  fast  as  the  corrosion  layer 
is  porous  [15]. 

The  experimental  facts  given  above  will  be  discussed 
on  the  basis  of  the  model  shown  in  Sections  5.4.1.-5.4.3. 


5.5.  Continuous  polarization 


5.5.1.  Corrosion  in  time  region  A 
At  the  beginning  of  polarization,  i.e.,  in  time  region 
A,  the  experimental  conditions  are  constant.  Therefore, 
all  values  in  Eq.  (10)  are  also  constant,  except  for  the 
thickness  of  the  dense  part  of  the  corrosion  layer  (/d) 
which  continues  to  increase.  Eq.  (10)  is  reduced  to: 


const. 


By  setting: 


one  obtains,  with  Eq.  (13): 


(13) 


(14) 


/d= const.  r°‘5 

(17) 

With: 

/d~  Am 

(18) 

then: 

Am  =  const.  r°  5 

(19) 

As  discussed  above,  approximately  the  same  relation 
(viz.,  A m~t0  52)  was  found,  experimentally,  in  the  time 
region  A  for  the  Pb-5.6  wt.%Sb-0.15  wt.%As  alloy. 

5.5.2.  Corrosion  in  time  region  B 
After  the  dense  corrosion  layer  reaches  its  critical 
thickness  (/dcr)  all  values,  including  ldCT,  are  constant 
in  Eq.  (10).  Therefore,  this  equation  can  be  simplified 
to: 


jo -const.  (20) 

Analogous  to  Eq.  (15): 

d/d 

—  =  const.  (21) 

and  analogous  to  Eqs.  (16)-(18),  the  mass  loss  is  given 
by: 

A m  =  const,  t  (22) 

This  relation  was  confirmed  experimentally  in  all 
cases. 


5.6.  Discontinuous  polarization 

The  discontinuous  polarization  sequence  is  as  follows. 
First  period: 

a  —  75  h:  corrosion  in  accordance  with  time  region  A 
(Am  =  const.  tos) 

25  h:  corrosion  in  accordance  with  time  region  B 
(Am  =  const.  t) 

b  —  dense  layer  becomes  porous  according  to  Eqs.  (11) 
and  (12)  (time  region  C) 

Second  period : 

c  —  this  period  starts  with  a  porous  layer,  i.e.,  a  dense 
layer  will  build  up  again 
Therefore,  in  a  first  approximation: 

75  h:  corrosion  in  time  region  A  (Am  =  const,  t05) 
25  h:  corrosion  in  time  region  B  (Am  =  const,  t) 
d  — the  dense  layer  becomes  porous  again  according 
to  Eqs.  (11)  and  (12)  (time  region  C) 
e,f— repeat  of  sequence 

This  is  shown  schematically  in  Fig.  9  for  the  continuous 
polarization  period. 


d /d  const, 

dr  =  /d 

Integration  of  Eq.  (15)  yields: 
/d2  =  const,  r 


(15) 

(16) 


5.7.  Action  of  the  active  mass 

As  shown  above,  the  active  mass  leads  to  a  decrease 
in  the  corrosion  rate.  The  reason  for  this  is  the  increase 
of  the  critical  thickness  of  the  dense  corrosion  layer 
as  a  consequence  of  a  partial  compensation  for  the 
internal  mechanical  stress  that  is  created  by  external 
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Fig.  9.  Schematic  of  mass  loss  (Am)  vs.  polarization  time  (tp): 
a  =  continuous  polarization;  b  =  discontinuous  polarization. 

forces.  Therefore,  the  value  of  idCT  in  Eq.  (10)  is  in¬ 
creasing  and  the  corrosion  rate  decreases.  This  partial 
compensation  will  be  greater  with  increase  in  the  density 
(Table  3)  or  the  thickness  (Table  2)  of  the  active  mass. 

The  decrease  in  the  corrosion  rate  caused  by  a-Al203 
can  also  be  explained  by  partial  compensation  of  the 
mechanical  stress. 

The  increase  in  the  critical  thickness  of  the  dense 
corrosion  layer  and,  therefore,  the  decrease  of  the 
corrosion  rate  should  be  the  greater,  the  higher  the 
internal  stress.  The  strongest  stress  is  expected  at  pure 
lead  and  this  should  be  decreased  with  increasing 
antimony  content  of  the  alloy.  This  is  because  the  molar 
volume  of  the  corrosion  product  of  lead-antimony  alloys 
is  lower  than  that  of  pure  lead  [16]. 

During  continuous  polarization  the  active-mass  pro¬ 
tection  factor  for  pure  lead  is  therefore  the  highest 
(PFam  =  7.5)  and  is  reduced  with  increasing  Sb  content 
of  the  alloy  (see  Tables  1  and  7).  At  discontinuous 
polarization,  however,  where  the  critical  thickness  of 
the  dense  corrosion  layer  will  be  built  up  only  at  the 


end  of  every  polarization  phase  (100  h),  the  active- 
mass  protection  factor  is  in  a  first  approximation  in¬ 
dependent  of  the  antimony  content  of  the  Pb  alloy 
(see  Table  7). 
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